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REMARKS 

The Office Action of May 17, 2005, has been carefully 
studied. No claim is allowed. Claims 1-19 presently appear in 
this application and define patentable subject matter warranting 
their allowance. Reconsideration and allowance are hereby 
respectfully solicited. 

Claims 1-13 have been rejected under 35 U.S.C. §112, 
first paragraph, for lack of enablement. The examiner states 
that applicant's arguments regarding the 112 first paragraph 
rejection are not considered to be persuasive for the following 
reasons. Applicant fails to provide information allowing the 
skill artisan to ascertain all photosensitizer molecules being 
used for photodynamic therapy and all the quenching molecules 
being able to regulate the phototoxicity of a photosensitizer 
molecule without undue experimentation. In the instant case only 
a limited number of photosensitizer molecules and a limited 
number of quenching photosensitizer molecule examples are set 
forth, thereby failing to provide sufficient working examples. 
It is noted that these examples are neither exhaustive nor define 
the class of compounds required. The pharmaceutical art is 
unpredictable, requiring that each embodiment to be individually 
assessed for physiological activity. The instant claims read on 
all "effector photosensitizing molecules" being used for 
photodynamic therapy and all "quenching photosensitizer 

Page 6 of 11 



' Appln. No. 10/720,688 
Amd. dated March 17, 2 006 
Reply to Office Action of May 17 2005 

molecules" being used for regulating the localized phototoxicity 
of an effector molecule, necessitating an exhaustive search for 
the embodiment to practice the claimed invention without undue 
experimentation. This rejection is respectfully traversed. 

As acknowledged previously by the examiner, the skill 
of those in the art of photosensitizers and photodynamic therapy 
is very high. From the guidance provided by the present 
specification on ''competitive quenching", such persons of high 
skill in the art would be well enabled to ascertain pairs of 
effector and quenching photosensitizer molecules suitable for use 
in the presently claimed method without undue experimentation. 
The enablement requirement does not require those of skill in the 
art to ascertain all photosensitizer molecules suitable for use 
in the presently claimed method as long as they can readily 
ascertain pairs of effector and quenching photosensitizer 
molecules that would be suitable. 

The present specification teaches, by using the 
verteporf in/hypericin effector/quenching photosensitizer pair as 
a preferred embodiment, that the wavelength absorption maxima in 
the visible range of the quenching photosensitizer (e.g., 
absorption at 545 and 590 nm for hypericin) should be distantly 
shorter relative to the effector photosensitizer (e.g., 
verteporf in with an absorption maxima of 690 nm for excitation) . 
This would facilitate selective excitation of the effector 
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photosensitizer with light at wavelengths greater than 650 nm 
without photoactivating hypericin, which is functioning here as a 
quenching photosensitizer instead of as an effector 
photosensitizer. See the present specification at page 29, 
paragraph [0057] . Claim 1 is now amended to recite that the 
absorption spectrum of the quenching photosensitizer molecule 
falls below the wavelength range used to excite the effector 
photosensitizer so that the quenching photosensitizer molecule 
cannot be excited by the same wavelength range used to excite the 
effector photosensitizer. 

Those of skill in the art would instantly recognize 
that direct excitation energy transfer from verteporf in to 
hypericin is unlikely because light absorption by vertporfin 
occurs at longer (lower energy) wavelengths, not shorter (higher 
energy) wavelengths. Therefore, the respective absorption maxima 
wavelengths of verteporfin and hypericin make the pair 
incompatible with energy transfer to hypericin, which has shorter 
(higher energy) absorption maxima than verteporfin. However, as 
taught in the present specification at page 14, paragraph [0031], 
the quenching photosensitizer possesses a lower red/ox potential 
compared to the effector photosensitizer, which would enable the 
quenching photosensitizer (i.e., hypericin, which has moderately 
low red/ox potentials of El/V=-1.01 mEV and E2/V=-1.31 mEV to 
effectively absorb energy transferred from verteporfin to oxygen 
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to generate singlet oxygen and free radicals. This enables 
hypericin to act as both electron acceptor and donor, 
facilitating energy scavenging from verteporfin or even from 
bioenergized electron transfer reactions in the cell. 

Paragraph [0053] of the present specification discloses 
that dimethyl tetrahydroxyhelian throne (DTHe) , an analog of 
hypericin, also exhibited competitive quenching activity, albeit 
less effectively than hypericin. Other suitable effector and 
quenching photosensitizer pairs can be readily found by those of 
skill in the art following the guidance provided by the present 
specification from the many families of photosensitizing 
molecules, such as porphyrins, porphines, chlorines, texphyrins, 
porphycenes, phthalocyanines, psoralenes, dianthroquinones , etc. 
There is extensive knowledge in the art of photosensitizers, as 
evidenced by the 1211 hits in the NCBI PubMed literature database 
for review articles that include the term ^^photosensitizer" . 
Accordingly, the skill in this art is exceedingly high and those 
of skill can readily select an effector and quenching 
photosensitizer pair from the literature, particularly once the 
wavelength of excitation by a laser for photodynamic therapy is 
selected. For example, the photosensitizer 5, 10, 15, 20-tetrakis 
(m-hydroxyphenyl) bacteriochlorin has an optimum wavelength for 
biological activation at 73 9 nm and is an example of an effector 
photosensitizer that can be used to induce photodynamic damage 
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(Rovers et al . , Photochem. Photobiol., 72 (3) : 358-364 , 2000, a 
copy of which is attached hereto) . A potential quencher of this 
phototoxicity is cercosporin, which has an absorption maximum at 
474 nm and no absorption at all above 600 nm (Bilski et al . , 
Photochem. Photobiol. 71 (2 ): 129-134 , 2000, a copy of which is 
attached hereto) . 

As those in the art are highly skilled and the art of 
photodynamic agents/photosensitizers is well developed, only 
routine experimentation is needed to determine what pairs of 
photosensitizers would be suitable as an effector and quenching 
photosensitizer pair, particularly if a source, such as a laser, 
with a specific wavelength is selected for use. The effector 
photosensitizer would then be selected with an absorption maxima 
to be close to the wavelength of the laser. A suitable quenching 
photosensitizer is also selected which has an absorption maxima 
and spectrum of significantly shorter wavelength and which has a 
red/ox potential lower than the selected effector 
photosensitizer. 

Reconsideration and withdrawal of the rejection are 
therefore respectfully solicited. 
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In view of the above, the claims comply with 35 U.S. 
§112 and define patentable subject matter warranting their 
allowance. Favorable consideration and early allowance are 
earnestly urged. 

Respectfully submitted, 



BROWDY AND NEIMARK, P.L.L.C. 
Attorneys for Applicant (s) 




Allen C. Yun 
Registration No. 3 7,971 



ACY : pp 

Telephone No. : (202) 628-5197 
Facsimile No.: (202) 737-3528 
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ABSTRACT 

This paper describes the photodynamic characteristics of 
the new near-infrared photosensitizer 5,10,15^0-tetrakis(m- 
hydroxyphenyl)bacteriochlorin (mTHPBC or SQN400) in 
normal rat and mouse tissues. A rat liver model of photo- 
dynamic tissue necrosis was used to determine the in vivo 
action spectrum and the dose-response relationships of tis- 
sue destruction with drug and light doses. The effect of 
varying the light irradiance and the time interval between 
drug administration and light irradiation on the biological 
response was also measured in the rat liver modeL Photo- 
bleaching of mTHPBC was measured and compared with 
that of Its chlorin analog (mTHPC) in normal mouse skin 
and an implanted mouse colorectal tumor. The optimum 
wavelength for biological activation of mTHPBC in rat liver 
was 739 nm. mTHPBC was found to have a marked drug- 
dose threshold of around 0.6 mg kg~' when liver tissue was 
irradiated 48 h after drug administration. Below this ad- 
ministered drug dose, irradiation, even at very high light 
doses, did not cause liver necrosis. At administered doses 
above the photodynamic threshold the effect of mTHPBC- 
PDT was directly proportional to the product of the drug 
and light doses. No difference in the extent of liver necrosis 
produced by mTHPBC was found on varying the light ir- 
radiance from 10 to 100 mW cm~^. The extent of liver ne- 
crosis was greatest when tissue was irradiated shortly after 
mTHPBC administration and necrosis was absent when ir- 
radiation was performed 72 h or later after drug admin- 
istration, suggesting that the drug was rapidly cleared from 
the liver. In vivo photobleaching experiments in mice 
showed that the rate of bleaching of mTHPBC was ap- 
proximately 20 times greater than that of mTHPC. It is 
argued that this greater rate of bleaching accounts for the 
higher photodynamic threshold and this could be exploited 
to enhance selective destruction of tissues which accumulate 
the photosensitizer. 
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INTRODUCTION 

In recent years photodynamic therapy (PDT)t has emerged 
as a useful alternative to chemotherapy or radiotherapy in 
cancer treatment, offering improved selectivity due to pref- 
erential accumulation of the photosensitizing agent and con- 
trolled light delivery at the tumor. The effect of PDT de- 
pends on a multitude of parameters including the drug dose, 
light activation wavelength, light intensity, light dose and 
time interval between drug and light administration. As tis- 
sue optical properties and drug kinetics differ, each of these 
parameters needs to be optimized for each tissue or tumor 
type, which is not feasible in clinical trials. Thus, preclinical 
experiments in animal models are pivotal in the development 
of PDT regimens for a specific disease. 

At present, we are investigating the potential of PDT as a 
minimally invasive treatment for tiunors located within the 
liver. Previous studies have shown that PDT is capable of 
destroying mmor tissue within the liver completely with lim- 
ited damage to the surrounding normal tissue (1,2). However, 
the photosensitizing agents used were excited with light of 
630 to 652 nm, which has a limited penetration in most tissues 
(3). A photosensitizing agent which could solve this problem 
is 5,10,15,20-tetrakis(/n-hydroxyphenyl)bacteriochlorin (m- 
THPBC or SQN400). It is the most highly reduced member 
of the tetrahydroxy phenyl porphyrin family of photosensitiz- 
ers first synthesized by Bonnett (4,5). This compound differs 
fi-om its chlorin analog temoporfin (mTHPC) only at a single 
bond, and so shares many of its chemical characteristics. 
However, in contrast to the chlorin which has a band I ab- 
sorbance at 652 nm, mTHPBC has a very strong absorbance 
peak at 734 nm with a molar extinction coefificient of 139,000 
dm^ mol~' cm"^ in methanol. This absorption peak shifts to 
about 740 nm in both aqueous solvents and tumor cells in 
cultures (6). In common with temoporfin, mTHPBC has a 
relatively low-fluorescence quantum yield (0.1 1) coupled with 
a high-triplet quantum yield (0.83) measured in methanol. The 
singlet-oxygen quantum yield varies from 0.43 in air saturated 



'f Abbreviations: ALSPc, aluminum chlorosulphonated phthalocya- 
nine; CoIo26, mice colon tumor cell line; DL-interval, time inter- 
val between drug administration and light irradiation; PDT, 
Photodynamic Therapy; mTHPBC, 5,10,15,20-tetrakis(/n-hydrox- 
yphenyl)bacteriochlorin (SQN400); mTHPC, 5,10,15,20-tetrak- 
is(w-hydroxyphenyl)chlorin (temoporfin or Foscan'); PpIX, Pro- 
toporphyrin IX. 
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methanol to 0.62 in oxygen saturated methanol (7). Activation 
"of mTHPB'C at tfiis near-infrared wavelength significantlylrP 
creases hght penetration, and thus treatment volumes, in most 
tissues (8). 

When characterizing new photosensitizers for PDT it is 
important that the action spectrum is determined in vivo 
since the absorption maxinium can depend strongly on the 
environment (9,10). The purpose of this study was to deter* 
mine the optimum in vivo activation wavelength, the influ- 
ence of drug dose, light dose, light intensity, and time in- 
terval between drug and light administration for mTHPBC 
in normal rat liver tissue. Experiments carried out in vitro 
suggest that mTHPBC is particularly susceptible to photo- 
bleaching (11) which might limit bioactivity. Because of 
this, the in vivo photobleaching of mTHPBC was assessed 
in an implanted tumor in the mouse. 

MATERIALS AND METHODS 

Animal models. Male Wistar rats were used in all normal rat liver 
experiments. All animals were kept in standard cages with wood 
shavings as bedding and had free access to food and water. For all 
surgical procedures the animals were anaesthetized with a mixture 
of Hypnorm (Janssen Pharmaceutica, Tilburg, The Netherlands), 
Hypnovel (Roche, Hertfordshire, UK) and sterile water for injection 
(1:1:2, vol:vol:voI) at an intraperitonial dose of 2.7 ml kg"' body 
weight. To expose the liver a laparotomy was performed using a 
midline incision, and the liver was mobilized by cleavage of the 
falciform ligament. 

Balb/c mice bearing the syngeneic mice colon tumor cell line 
(Colo26) adenocarcinoma were used in the photobleaching experi- 
ments. The Colo26 cells were grown in culture and implanted in the 
flank of female adult Balb/c mice as previously described (12). The 
photosensitizer was injected when the tumors had grown to an av- 
erage diameter of 8 mm which is below the size at which central 
necrosis of the tumor occurs. For all procedures the mice were se- 
dated using Hypnorm diluted 1:10 with sterile water for injection. 

Drugs. The photosensitizers 5,10,15^20-tetrakis(m-hydroxyphen- 
yl)chlorin (mTHPC or Foscan*) and mTHPBC were kindly donated 
by Scotia Pharmaceuticals (Stirling, UK). mTHPBC was dissolved 
in 1 ,2-propanediol/ethanol (6:4, vol/vol) and mTHPC in ethanol 
(96%)/polyethylene glycol 400/water (2:3:5, vol/vol/vol). Stock so- 
lutions were prepared freshly for each experiment. In all animals the 
photosensitizers were administered via the tail vein, after which the 
animals were kept under subdued light to prevent skin photodamage. 

In vivo action spectrum. Rats were photosensitized by injection 
of mTHPBC at 0.5 mg kg'^ 24 h prior to irradiation. To reduce the 
number of animals used, two measurements were obtained at dif- 
ferent wavelengths using the two largest liver lobes in each animal. 
An Oxford Lasers CU15 copper vapor laser pumping a DL20 dye 
laser provided light at wavelengths between 727 and 747 nm. The 
dye used was a 1 mM solution in methanol of I -ethyl-4-(4-(p-di- 
methylaminophenyl(-l,3-butadienyl)-pyridinium perchloracte, also 
known as Pyridine 2 or LDS 722 obtained from Exciton Inc. (Day- 
ton, OH). A 1 cm diameter spot on each lobe was treated with 3 J 
cm~2 light using a microlens (Type PTM-FDl, Medlight SA, Ecu- 
blens, Switzerland). This dose was chosen using data from pilot 
experiments to avoid full-thickness necrosis of the liver even when 
irradiation was close to the absorption peak for this photosensitizer. 
The wavelength of irradiation was verified using a portable mono- 
chromator (Optometries UK Ltd., Leeds, UK) and was varied fi-om 
727 to 747 nm in 2 nm increments. Since the output power of the 
dye laser varied considerably with wavelength, it was always 
checked prior to irradiation. Because of this it was not possible to 
maintain a constant irradiance and this parameter varied between 
about 50 and 100 mW cm"^ according to the wavelength. The ex- 
posure duration was adjusted to give the required light dose. The 
livers were harvested for assessment of the necrosis 48 h after ir- 
radiation. The depth of necrosis was measured directly on the ex- 
cised livers along the plane of irradiation using Vernier calipers as 
described previously (13). 
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Table 1. Experiments on normal rat liver tissue using mTHPBC* 
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* Table represents the different treatment groups and number of an- 
imals used per group as described in the text. 

t Three different sites on the liver in one rat were irradiated with 
different light doses. 

i Three different sites on the liver in one rat were irradiated with 
different light intensities. 

§ Two different sites on the liver were irradiated, leading to 6. irra- 
diations per treatment group. 

Drug and light dose experiments. Animals were allocated to five 
groups of five rats each (Table 1) and injected with 0.1, 0.3, 0.6, 
1.2 or 2.4 mg kg-' body weight mTHPBC 48 h prior to irradiation. 
At laparotomy the upper right, upper left and lower left lobe of the 
liver were exposed to 739 ± 3 nm light, generated by a diode laser 
(Applied Optronics Corporation, South Plainfield, NI USA), using a 
1000 fim plain cut fiber in direct contact with the. liver surface. The 
output power of the fiber was set to 100 mW and irradiations were 
performed for 25, 50 or 100 s to give a radiant energy of 2.5, 5 or 
10 J, respectively. In an additional experiment two rats, administered 
0.3 mg kg-' body weight mTHPBC, were irradiated for 200, 400 or 
800 s to give a radiant energy of 20, 40 or 80 J, respectively. The 
livers were harvested for assessment of the necrosis 48 h after ir- 
radiation. The area of necrosis was determined by measurement of 
two diameters perpendicular to each other (Rl and R2) using Vernier 
calipers and subsequently calculated using the formula: V4 ir Rl R2. 

Irradiance experiments. Animals were allocated to three groups 
of four rats each (Table 1) and injected with 1.0 mg kg"' body 
weight mTHPBC 24 h prior to irradiation. At laparotomy the upper 
right, upper left and lower left lobe of the liver were exposed to 739 
nm light, generated by a diode laser (Applied Optronics Corpora- 
tion). Each irradiation site was masked using a black cloth with a 5 
mm hole cut in it, placed in contact with the liver surface. This 
allowed the irradiance to be varied by changing the distance between 
a microlens (Rare earth, W. Yarmouth, MA) and the liver surface. 
The laser output and spot size were adjusted to produce a surface 
irradiance of 10, 50 or 100 mW cm-^ per site. Irradiation times were 
adjusted to give the same fluence per treatment site. Each group of 
rats received a different fluence, being 2.5, 5 or 10 J cm"^. The 
livers were harvested for assessment of the necrosis 48 h after ir- 
radiation. The depth of necrosis was measured directly on the ex- 
cised livers along the plane of irradiation using Vernier calipers. 

DL-interval experiments. Animals were allocated to five groups 
of three rats each (Table 1) and injected with 1.0 mg kg-' body 
weight mTHPBC: At 4, 24, 48, 72 or 120 h after mTHPBC admin- 
istration a laparotomy was performed and two sites on the liver were 
exposed to 739 nm light, generated by a diode laser (Applied Op- 
tronics Corporation), using a 1 000 \Lm plain cut fiber in direct con- 
tact with the liver surface. The output power of the fiber was set to 
100 mW and irradiations were performed for 100 s to give a radiant 
energy of 10 J. The livers were harvested for the assessment of the 
necrosis 48 h after irradiation. The area of necrosis was determined 
by measurement of two diameters perpendicular to each other (Rl 
and R2) using Vernier calipers and subsequently calculated using 
the formula: Va -n R\ KZ. 

In vivo photobleaching in tumor implanted in the mouse. Tumor- 
bearing mice were given photosensitizer by intravenous injection 
into the tail vein 24 h before irradiation of the tumor. mTHPBC was 
given at a dose of 1 .2 mg kg~^ and mTHPC at a dose of 0.3 mg 
kg~'. The fluorescence of each photosensitizer was measured using 
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Figure 1. Action spectrum of mTHPBC in normal rat liver tissue. 
24 h after mTHPBC administration (0.5 mg kg~0 liver tissue was 
irradiated with light of a wavelength ranging from 727 nm to 747 
nm with a 2 nm interval. The total light dose given was 3 J cm'^ 
per wavelength. Data represent the mean ± SEM depth of necrosis 
within the liver, as assessed 48 h after light irradiation. The solid 
line represents a second order polynomial fit to the data, the dotted 
lines represent the extreme curves generated from the 95% confi- 
dence intervals of the second-order parameters derived from the 
curve fit. 



a fiber optic probe placed onto the surface of the tumor before and 
during irradiation with light at 739 nm or 652 nm for mTHPBC and 
mTHPC, respectively. Fluorescence was excited using light at 4 1 8 
nm for mTHPC and 514 nm for mTHPBC derived from a mono- 
cromated 100 W Xenon arc source (Applied Photophysics, London, 
UK). The fluorescence was detected using a monochromated CCD 
camera (Oriel Instaspec V). The system was calibrated and the data 
analyzed as described previously (14). The tumors were irradiated 
using light from diode lasers (Applied Optronics Corporation) at a 
fluence of 30 mW cm~2 for both sensitizers. The irradiations were 
interrupted to allow the photosensitizer fluorescence to be measured. 
For mTHPBC the light was given in 7 s intervals to give 0.2 J cm**^ 
between measurements, whilst for mTHPC light was given for 33 s 
intervals to give 1 J cm'^ between measurements. 

Statistical analysis. All values were expressed as mean ± SEM 
unless otherwise indicated. A one way ANOVA (with Bonferroni 
post-test) was used to evaluate differences in the extent of liver 
necrosis between the drug doses, light doses and light irradiances 
used in the experiments. A P-value of < 0.05 was considered to be 
statistically significant. 

RESULTS 

Jn vivo action spectrum 

The variation of the depth of liver necrosis with the wave- 
length of the activating light is shown in Fig. 1. The form 
of the curve of depth of necrosis with wavelength will de- 
pend on a number of factors. These have been simplified by 
considering that the biological effect is the result of local 
singlet oxygen generation proportional to the number of pho- 
tons absorbed by the photosensitizer. This depends on the 
fluence of light <(> at wavelength X, the concentration of the 
photosensitizer, and the absorption coefficient a(\) of the 
photosensitizer at X. Since PDT photonecrosis is a threshold 
phenomenon, necrosis only occurs when the amount of sin- 
glet oxygen exceeds this threshold. By making the reason- 
able assumption that the photosensitizer is evenly distributed 
throughout the liver tissue (on a macroscopic scale) and that 
the tissue optical properties remain constant for small devi- 
ations of wavelength firom the optimum, then the zone of 
necrosis can be considered as the region of the liver in which 



_ot(X) <t)(z) >_q 
where q is the threshold and 

(t)(z) = <t)oexp(-z/8) 

. a(X) = aoexp[~k(X - Xo)^] 

where k is a constant 
Here the absorption of the photosensitizer in the proximity 

of the absorption peak has been modeled by a gaussian func- 
tion. Hence, if the measured depth of necrosis at a particular 
wavelength is z 

Oo <|>o exp[-k (X - Xo)2 ^ z/S] = q . 

then 

Z(X) = 8 log e[(aoct>o)/q]— k8{X - Xo)^ 

and since 

Zo = 5 logeKao 4>o)/q] 

is a constant, the variation of necrosis depth (Z) with wave- 
length X in the region of the peak wavelength Xq is given by 

Z(X) = Zo - k5(X - Xo)2 
do = k5(X ~ Xo)2 

which has the form of a second-order polynomial. The data 
were therefore fitted using a second-order polynomial to 
generate the solid curve shown in Fig. 1. The dotted lines 
represent the extreme curves generated from the 95% con- 
fidence intervals of the second-order parameters derived 
from the curve fit. The curve fit gives a value of 738.9 nm 
for the optimal wavelength of activation (X©) for mTHPBC 
with 95% confidence intervals of 738.5-739.9 nm. 

Effect of varying the drug dose 

Figure 2a shows the area of PDT. induced liver necrosis as 
a function of the mTHPBC dose administered. Irradiation of 
liver tissue after administration of 0.1 or 0.3 mg kg"' m- 
THPBC did not result in liver necrosis, regardless of the 
light dose given, in two rats administered 0.3 mg kg"' 
mTHPBC a light dose up to 80 J did not result in liver 
necrosis. However, an administered drug dose of 0.6 mg 
kg"' resulted in liver necrosis on irradiation. After 2.5 and 
5 J of light liver necrosis in the 0.6 mg kg"* group was 
inhomogeneous; patches of white necrotic tissue were inter- 
mingled with apparently normal liver tissue. Liver necrosis 
after a light dose of 10 J and at higher drug doses was ho- 
mogenous and lesions were circular in shape. In most cases 
necrosis extended throughout the entire thickness of the liver 
lobe. No damage to other organs was observed. The area of 
necrosis on the liver surface increased in a linear fashion 
with the administered drug dose for each light dose given, 
with significantly larger (p < 0.01) necrotic areas seen at 
the 2.4 mg kg"' dose than at the 0.6 mg kg"' dose for all 
radiant energies tested. The slopes of the linear fit were 27.6 
± 3.8, 41.4 ± 4.3 and 92.8 ± 11.1 mm^ per mg kg-» for the 
2.5, 5 and 10 J groups, respectively. 

Effect of varying the light dose 

Figure 2b shows the area of PDT induced liver necrosis as 
a ftmction of the given light dose (radiant energy). Once the 
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administered mTHPBC dose exceeded the phototoxic thresh- 
old! the exterit'of liver hecrbsis increased' with "increasing ' 
light energy. At each effective drug dose, given there is a 
significant increase {p < 0.01) in the area of liver necrosis 
between a light dose of 2.5 and 10 J. At all effective drug 
doses administered the increase was linear, with a slope of 
8.2 ± 0.8, 12.6 ± 0.9 and 20.5 ± 1.8 mm^ J-» for an 
THPBC dose of 0.6, 1.2 and 2.4 mg kg**, respectively. 
These slopes were significantly different {p < 0.05) based 
on the 95% confidence intervals. 

Figure 2c shows the area of necrosis as a function of the 
drug-light product. The drug-light product is calculated by 
multiplying the drug dose (mg kg~') with the light energy 
(J). There is a linear increase (r^ = 0.995) in the area of 
necrosis with an increase in the drug-light product. The X- 
intercept of the linear fit is 0.52 mg J kg~'. 

Effect of varying the light intensity (irradiance) 

Table 2 shows the depth of liver necrosis after irradiation at 
different light irradiances. There was no significant differ- 
ence {p > 0.05) between the mean depth of necrosis result- 
ing from irradiation at 10, 50 or 100 mW cm"^ light per 
given light energy (2.5, 5 or 10 J cm"^). As would be ex- 
pected, an increase in the total radiant energy given at any 
one irradiance resulted in a significant increase {p < 0.05) 
of the depth of necrosis from both 2.5 to 5.0 and 5.0 to 10 
J cm~2. 

Effect of varying the drug-light interval 

Figure 3 shows the extent of PDT induced liver necrosis 
af^er light irradiation at different time intervals after m- 

THPBC administration. Necrotic lesions were clearly visible 
as homogeneous white, spherical lesions. Liver necrosis was 
full thickness in all cases, which made depth of necrosis 
unsuitable for comparison. The area of liver necrosis visible 
at the liver surface was largest when irradiation was per- 
formed 4 h after mTHPBC administration. Subsequently, the 
extent of necrosis decreased with an increase in the drug- 
light interval (DL-interval) and at a DL-interval of 72 and 
120 h no liver necrosis was observed 2 days after light ir- 
radiation. In one animal at the 4 h DL-interval and one at 
the 24 h DL-interval damage to stomach and small bowel 
underneath the irradiated liver lobe was seen, indicating that 
the 739 nm light had penetrated beyond the liver. 

In vivo photobleaching of mTHPBC compared to 
mTHPC 

The loss of photosensitizer fluorescence as a result of pho- 
tobleaching during irradiation in tumors in vivo is shown in 
Fig. 4. The injected dose of bacteriochlorin was set at four 
times that of mTHPC in order to give a sufficient fluores- 
cence signal for detection and to overcome the threshold for 
biological activity. It can be seen from the figure that m- 
THPBC is bleached considerably more rapidly than is m- 
THPC, and almost no photosensitizer fluorescence was de- 
tectable from the surface of the tumor after 30 s of irradia- 
tion. The ability of these doses of photosensitizer and light 
to induce tumor necrosis was confirmed in a separate group 
of animals. Eight mice were injected with 1,2 mg kg"' of 
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Figure 2. Effect of varying the drug dose and light dose on the 
extent of mTHPBC induced liver necrosis. Animals (n=5 per group) 
were administered a dose of 0.1, 0,3, 0.6, 1.2 or 2.4 mg kg"' m- 
THPBC via the femoral vein. Two days later three spots on the liver 
were irradiated with either 2.5, 5 or 10 J of 739 nm light at a fiber 
output of 100 mW. Data represent the mean ± SEM area of liver 
necrosis (mm^) as a function of (a) the drug dose, (b) light dose or 
(c) drug-light product. Graph 2b only represents the drug dose 
groups that induced liver necrosis. The lines represent a linear fit of 
the individual data points, with a slope ± SEM of 8.2 ± 0.8, 12.6 
± 0.9 and 20.5 ± 1.8 for an mTHPBC dose of 0.6, 1.2 and 2.4 mg 
kg*' respectively. In graph 2c the line represents a linear fit of the 
means (r^ = 0.995). The area of necrosis was calculated using the 
formula; U ir Rl R2, with RI and R2 being the lesion diameters 
perpendicular to each other. 



mTHPBC 24 h before irradiation with 3 J cm^^ of 739 nm 
light at a surface irradiance of either 10 or 100 mW cm"^. 
Full thickness necrosis of the tumors was seen in all the 
animals (tumor thickness ranged from 3.7 to 5.0 mm). By 
contrast, mTHPC injected into two groups of six mice at 0.5 
mg kg"' one day before irradiation with 652 nm light at a 
surface irradiance of 30 or 150 mW cm~^ resulted in an 
average of 3.9 ± 0.7 mm and 3.7 ± 0.8 mm of necrosis for 
the two irradiance levels, respectively. 

DISCUSSION 

Bacteriochlorins are a promising class of photosensitizers for 
photodynamic therapy, as most of these compounds have a 
substantial absorption peak above 700 nm. Light at these 
near-infrared wavelengths penetrates tissues more deeply 
than the red light which has been used most often for PDT 
(3). This suggests that bacteriochlorins may be of particular 
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utility in the treatment of larger and more deeply seated tu- 
mors. ' 

Our study showed that the optimal wavelength of activa- 
tion for mTHPBC in normal rat liver tissue is 739 nm. Al- 
though there was considerable variation in the depth of ne- 
crosis between samples, reflecting differences in the tissue 
photosensitizer concentration between animals — ^leading to 
large confidence intervals in the parameter representing 8 — 
there was considerably less uncertainty in the fit for the pa- 
rameter representing Xq, thus allowing a value for the opti- 
mal wavelength of activation to be obtained. This study in- 
dicates that for future clinical treatments with this photosen- 
sitizer a light source is required with a peak output within 
the range of 736-742 nm. 

The effect of PDT treatment depends on a large number 
of parameters, of which the photosensitizer concentration, 
light dose and DL-interval are the most important. Tissue 
destruction in PDT occurs only when a minimum concen- 
tration of toxic photoproducts, such as singlet oxygen, is 
generated. This photodynamic threshold thus depends large- 
ly on the effective generation of singlet oxygen by the sen- 
sitizer and the amount of photosensitizer molecules present 
at the time of light irradiation. 

The results of our study indicate that the photodynamic 
threshold of mTHPBC largely depends on the administered 
drug dose and thus the tissue concentration if one assumes 
that these show a linear correlation. Irradiation of liver tissue 
48 h after administration of 0.1 or 0.3 mg kg"' mTHPBC 
did not result in liver necrosis, even when in the 0.3 mg kg"' 
drug dose group the light dose was increased up to 80 J. On 
die other hand, at an administered drug dose of 0.6 mg kg"' 
mTHPBC a light dose of only 2.5 J resulted in liver necrosis, 
although necrosis at this light dose was inhomogeneous. This 
suggests that the threshold for liver damage using mTHPBC 
is mainly determined by the tissue concentration and less by 
the light dose administered. For normal rat liver tissue a drug 
dose of at least 0.6 mg kg-* appears to be required to get 
liver necrosis upon light irradiation 48 h after drug admin- 
istration. This is much greater than the threshold of mTHPC, 
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Figure 3. Effect of the DL-interval on the extent of mTHPBC- 
induced liver necrosis. Animals (n=5 per group) were irradiated 4, 
24, 48, 72 or 120 h after administered of 1.0 mg kg-» mTHPBC. 
Liver tissue was irradiated with 100 mW of 739 nm light for 100 s, 
giving a total light dose of 10 J. Necrosis was assessed 48 h after 
light irradiation and areas calculated using the formula; V4 tt Rl R2, 
with Rl and R2 being the lesion diameters perpendicular to each 
other. 



Table 2. Effect of varying the light intensity on the extent of liver 
necrosis. Data represent the-mean ± SEM- depth of liver photone- 
crosis (mm) due to irradiation of mTHPBC sensitized liver tissue 
with 739 nm light. Animals (n = 12) were administered 1,0 mg kg"^ 
and 24 hours later liver tissue was irradiated with an irradiance (E) 
of 10, 50 or 100 mW cm-^ giving a total light fiuence (<})) of 2.5, 5 
or 10 J cm^ (n = 4 per group). There is no significant difference in 
depth of necrosis between the different irradiances at a given fluence 
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since irradiation of rat liver 48 h after the administration of 
0.1 mg kg-i mTHPC already leads to PDT damage (15). 

Previous in vitro experiments showed that mTHPBC was 
less phototoxic than mTHPC. This was attributed mainly to 
a reduced cellular uptake of mTHPBC and a reduced stabil- 
ity of the drug (unpublished data). The latter is mainly due 
to a high degree of photobleaching of mTHPBC. Bonnett et 
ai (11) showed that under air samrated conditions in solu- 
tion mTHPBC was bleached much faster than mTHPC. The 
mouse tumor in vivo fluorescence measurements confirm that 
mTHPBC undergoes rapid photobleaching on irradiation. 
The exponential rate constants for the curve fits in Fig. 4 
suggest that the initial rate of bleaching of mTHPBC is about 
20 times that of mTHPC under similar conditions. This dif- 
ference is greater than the seven-fold greater rate of bleach- 
ing for mTHPBC which we found for the photobleaching 
quantum yield of the two compounds in solution in vitro 
(unpublished data). 

Photosensitizer photobleaching could well provide an ex- 
planation for the photodynamic threshold in general and spe- 
cifically for the higher threshold of mTHPBC in rat liver 
tissue. The process of photobleaching will effectively reduce 
the amount of photosensitizer present in the tissue before 
enough reactive oxygen species are generated to give irre- 
versible tissue damage. While this could be potentially dis- 
advantageous for complete tumor eradication, it could also 

(A) (B) 
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Figure 4, Photobleaching of photo sensitizers in mouse tumor in 
vivo. Tumor bearing mice were injected with mTHPBC (A) and 
mTHPC (B) 24 h prior to irradiation with light at 739 or 652 nm 
light respectively. The graphs show triplicate detemiinations of the 
photosensitizer fluorescence measured on the tumor surface at in- 
tervals during the irradiation as described in the text. The solid lines 
represent an unconstrained single exponential fit to the data. 
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present a potential advantage. This would arise if drug levels 
in tumor surrounding normal tis'sue were "reduced to below 
threshold levels due to the photobleaching process, prevent- 
ing the occurrence of irreversible photodynamic damage. 
Photobleaching could thus be used to enhance treatment se- 
lectivity in PDT. 

Once above threshold level the extent of mTHPBC-in- 
duced liver necrosis increases with both an increase in the 
drug dose and an increase in the light dose. In the range of 
drug doses tested in this study (0.1-2.4 mg kg"') there is a 
steady increase in the extent of necrosis with an increase in 
the drug dose. A linear fit of the data showed that the slopes 
of these linear curves differed with the applied light dose, 
indicating that the latter is also a contributing factor to the 
extent of necrosis. The linear increase in the extent of liver 
necrosis with administered drug dose indicates that at doses 
up to 2.4 mg kg-' of mTHPBC absorption of light by the 
photosensitizer does not limit light penetration, as has pre- 
viously been shown for aluminum chlorosulfonated phtha- 
locyanine (AlSPc) in normal rat liver (16). In theory, an 
increase in the drug dose would fiirther increase the effect 
of PDT with mTHPBC. However, the use of increased drug 
doses is limited by the occurrence of unwanted effects, such 
as increased skin photosensitivity, which will be the limiting 
factor in setting the drug dose to be used for future clinical 
work. 

At a constant irradiance the increase in the light dose led 
to a linear increase in the extent of liver necrosis. The slopes 
of the lines differed significantly between each given drug 
dose, indicating that drug dose is also a contributing factor, 
as discussed above. Over the range of light doses tested 
(2.5-10 J) the increase is linear. Similar findings have been 
reported for other photosensitizers (see, for example, van 
Gemert et al (17) and Bown et al (18). It should be noted 
that the form of the relationship between PDT necrosis and 
drug dose depends on the dimensions of the units used to 
express necrosis. Here we use mm^ that results in a linear 
relationship. Measures of necrosis expressed in millimeters 
are best fitted by a log relationship. These findings support 
the theory that there is reciprocity between the drug dose 
and light dose, as has been described for other sensitizers 
both in vitro (19) and in vivo (20). However, at drug doses 
below the photodynamic threshold drug-light reciprocity 
fails, as is shown in our study. At an administered drug dose 
of 0.3 mg kg-* high light doses did not result in liver ne- 
crosis, which would have been expected if reciprocity were 
maintained. Fingar et al. (21) reported similar results with 
Photofrin where reciprocity failed at low drug levels and 
high light doses. Messmann et al. (22) attributed the break- 
down of reciprocity to the photodegradation of Protoporphy- 
rin IX (PpIX) during treatment, which could be equally true 
for the rapidly bleaching photosensitizer mTHPBC used in 
our study. Due to the drug-light reciprocity the drug^light 
product could be a usefiil tool in treatment planning, once 
photosensitizer tissue concentrations above the photodynam- 
ic threshold are guaranteed. 

It has been suggested that the use of light at low intensities 
improves tumor responses to PDT (23,24). This effect has 
mainly been attributed to the maintenance of tumor oxygen- 
ation during treatment with low fiuence rates (25). In con- 
trast with tumor tissue, the PDT effect in normal tissues 



often appears to be fluence rate independent (26,27). This is 
in concordance with* the"Tesults of this study, which shows 
no difference in the extent of liver necrosis at high or low 
light irradiances. This difference is attributed to the better 
blood supply of nomial tissue versus mmor tissue, making 
it less probable that tissue oxygen is completely depleted 
during PDT in normal tissue (28). 

Although low fluence rates have shown to improve tumor 
responses to PDT, longer light irradiation times are required 
to achieve equivalent mmor responses as to high fluence 
rates (29) and they could reduce treatment selectivity (30). 
When clinically applied, short light irradiation times are pre- 
ferred and thus higher fluence rates will be more applicable. 

Of utmost importance in PDT is the time interval between 
drug administration and light irradiation. In treatment of can- 
cerous lesions the DL-interval will determine the selectivity 
of the PDT treatment, as a difference in tissue kinetics will 
in most cases lead to preferential tumor tissue concentrations 
at later time intervals (31,32). Irradiation of mTHPBC sen- 
sitized normal rat liver tissue showed a maximum amount 
of necrosis ^yhen irradiated 4 h after mTHPBC administra- 
tion. The extent of necrosis decreased subsequently with 
time after drug administration. Irradiation at 72 and 120 h 
after mTHPBC administration did not result in liver necrosis, 
indicating that tissue drug levels have fallen below threshold 
levels at these time intervals. The bioactivity kinetics of 
mTHPBC in normal liver seem to resemble those of m- 
THPC, with the high drug levels found shortly after drug 
administration after which the concentration steadily de- 
creases (33). On the basis of the time course of mTHPBC 
bioactivity, we believe it is safe to assume that mTHPBC 
drug levels will show a similar kinetic pattern. In conclusion, 
in normal rat liver tissue mTHPBC is optimally activated in 
the near-infrared region at a wavelength of 739 ± 1 nm. 
Once the photodynamic threshold has been exceeded the ex- 
tent of liver necrosis increases with both drug dose and light 
dose, as shown by the good correlation of liver necrosis with 
the drug-light product. Changing the light intensity over the 
range tested does not influence the extent of normal liver 
necrosis with mTHPBC. The extent of liver necrosis depends 
largely on the time interval between drug administration and 
light irradiation, with a decrease in the extent of liver ne- 
crosis in time. Maximum liver necrosis is induced when tis- 
sue is irradiated shortly after administration of the maximum 
tolerated dose of mTHPBC with the highest light dose pos- 
sible with -respect to clinically practical treatment times. Fu- 
mre studies on tumor models are required to assess the ef- 
ficacy of mTHPBC-PDT in the treatment of intrahepatic tu- 
mors. 
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ABSTRACT 

Vitamin B5 (pyridoxine, 1) and its derivatives: pyridoxal 
(2), pyridoxal 5-phosphate (3) and pyridoxamine (4) are 
important natural compounds involved in numerous bi- 
ological functions. Pyridoxine appears to play a role in 
the resistance of the filamentous fungus Cercospora ni- 
cotianae to its own abundantly produced strong photo- 
sensitizer of singlet molecular oxygen OO2), cercosporin. 
We measured the rate constants {k^} for the quenching 
of phosphorescence by 1-4 in DjO. The respective 
total (physical and chemical quenching) /Cq values are: 5.5 
X 10^ M-^ s-» for 1; 7.5 x 10' A/-» s * for 2, 6.2 xlO' 
S-* for 3 and 7.5 x 10' Af * s"^ for 4, all measured 
at pD 6.2. The quenching efficacy increased up to five 
times in alkaline solutions and decreased --10 times in 
ethanol. Significant contribution to total quenching by 
chemical reaction(s) is suggested by the degradation of 
all the vitamin derivatives by ^02, which was observed as 
declining absorption of the pyridoxine moiety upon aer- 
obic irradiation of RB used to photosensitize 'Oj. This 
photodegradation was completely stopped by azide, a 
known physical quencher of The pyridoxine moiety 
can also function as a redox quencher for excited cer- 
cosporin by forming the cercosporin radical anion, as ob- 
served by electron paramagnetic resonance. All vita- 
mers fluoresce upon UV excitation. Compounds 1 and 4 
emit fluorescence at 400 nm, compound 2 at 450 nm and 
compound 3 at 550 nm. The fluorescence intensity of 3 
increased —10 times in organic solvents such as ethanol 
and 1,2-propanediol compared to aqueous solutions, sug- 
gesting that fluorescence may be used to image the dis- 
tribution of 1-4 in Cercospora to understand better the 
interactions of pyridoxine and 'Oj in the living fungus. 
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INTRODUCTION 

The term vitamin is used to describe all biologically in- 
terconvertable forms of pyridoxine that include pyridoxine, 
pyridoxal, pyridoxal 5-phosphate and pyridoxamine. Vita- 
min is an essential co-factor in numerous enzymatic re- 
actions involved primarily in amino acid metabolism. All 
living organisms require vitamin B^ and they must either 
synthesize it or, like humans, derive it from nutrients. In 
addition to its role as a vital co-factor, our recent findings 
(1) suggest that vitamin may function as an antioxidant 
by interacting with singlet molecular oxygen during (pho- 
to)oxidative stress in the filamentous fungus Cercospora ni- 
cotianae. The wild-type strain of this fungus produces and 
is highly resistant to the potent photosensitizer cercosporin 
and is also highly resistant to other singlet oxygen photo- 
sensitizers of diverse structure and solubility. 

Production of C. nicotiqnae mutant strains (2,3) sensitive 
to both cercosporin and other photosensitizers led to the 
identification of a gene apparently required for the resistance 
exhibited by the wild-type strain (4,5). Further characteriza- 
tion of this gene (1) revealed that it encoded a component 
necessary for pyridoxine synthesis in C. nicotianae as well 
as in other organisms and that pyridoxine and its derivatives 
are capable of quenching singlet oxygen in vitro. Other vi- 
tamins such as vitamin C and vitamin E are powerful anti- 
oxidants and scavengers of active oxygen species including 
singlet oxygen, but the ability of vitamin Eg to quench sin- 
glet oxygen had not previously been reported. 

Singlet oxygen ('O2) is a strong oxidizer and a -potent 
initiator of radical oxidation in biological systems. It is best 
detected by its infrared phosphorescence at 1270 nm, which, 
although difficult to measure, is very specific for 'O2 and is 
usually free of spectral interference from other emissions. 
The phosphorescence is quenched by antioxidants, and the 
rate constants for this quenching may be a direct and con- 
venient measure of an antioxidant potential. We measured 
the rate constants for quenching by pyridoxine and its 
derivatives, and found that they are strong quenchers and 
good substrates for 'O2, especially in an aqueous environ- 
ment. We also characterized pyridoxine fluorescence that 
may help to determine the distribution of pyridoxine in the 
fiingus by fluorescence microscopy. 



129 



130 P. Bilskiefa/. 



MATER IALS AND METHODS 

Chemicals, Ethanol, 1,4-dioxane, 1,2-propanediol (all spectropho- 
tometric grade), Triton X-100, rose bengal (RB) f and 5,5-dimethyl- 
1 -pyrroline TV-oxide (DMPO) were purchased from Aldich Chemi- 
cal Co. (Milwaukee, WI). The DMPO was vacuum distilled and 
stored at ~20°C. Deuterium oxide was from Cambridge Isotope Lab- 
oratories (Andover, MA). The pyridoxine vitamers and surfactant 
benzaiconium chloride were pi^hased from Sigma Chemical Co. 
(St. Louis, MO). Cercosporin was extracted from cultures of Cer- 
cospora kikuchii strain PR as previously described (6). All experi- 
ments were performed using freshly prepared air-equilibrated solu- 
tions at room temperature. 

Absorption and fluorescence spectra. Absorption spectra were 
measured using an HP diode array spectrophotometer model 8452A 
(Hewlett Packard Co., Palo Alto, CA). Fluorescence spectra were 
recorded on an SLM SPC 823-SMC 220 spectrofluorometer (SLM 
Instruments, Urbana, IL) as described previously (7). The relative 
number of absorbed photons at the excitation wavelength was cal- 
culated using the Beer-Lambert law. 

Singlet oxygen detection. Singlet oxygen phosphorescence was 
recorded on a steady-state 'O2 spectrophotometer (8) featuring an 
optimized optical system as in our pulse 'O2 spectrophotometer (9). 
Samples were excited from a 500 W mercury lamp operating at 300 
W through appropriate filter(s). The 'Oj phosphorescence spectra 
were recorded over the range of 1200-1350 nm and were normalized 
to the same number of absorbed photons (10) at the excitation wave- 
length. 

Singlet oxygen lifetimes were measured using a laser pulse spec- 
trometer described in detail elsewhere (9). In this study, the appa- 
ratus utilized a Surelite II laser (Continuum, Santa Clara, CA) for 
excitation. A germanium diode (model 403 HS, Applied Detector 
Corporation, Fresno, CA) in conjunction with an efficient optical 
system was used for signal detection. Data were acquired on an HP 
541 1 Id digitizing oscilloscope (Hewlett Packard, Colorado Springs, 
CO) interfaced to a PC computer. Singlet oxygen was produced by 
single pulse excitation at 532 nm of RB as a photosensitizer. The 
^02 lifetime was calculated from a monoexponential decay of its 
phosphorescence. 

Oxidation of pyridoxine derivatives. Oxidation of pyridoxine de- 
rivatives by ^02 was performed at 25''C using a 450 W xenon- 
mercury lamp and a combination of a cutoff filter (400 nm) and an 
interference filter (548 nm) for RB excitation. The sample was 
placed in a closed I cm pathlength cuvette and was stirred during 
irradiation. The absorption spectra were taken at appropriate inter- 
vals to obtain up to a 50% decrease in pyridoxine absorption due to 
photooxidation while the absorption spectrum of RB was un- 
changed. The photooxidation rate was normalized, if necessary, us- 
ing the number of photons absorbed by RB, allowing quantitative 
interpretation of photooxidation data (7,10). 

The initial rates of oxidation were taken for calculations that were 
performed assuming a steady-state approximation for 'O2 production 
and decay. The relative rate constant values, k,(Te\) = Ix^ax^^P) were 
calculated from the initial consumption rates assuming 1 : 1 stoichi- 
ometry for consumed oxygen and decayed vitamer. The following 
equation was applied (11): 



[Po] 



where r is the measured oxidation rate; the rate constant of the 
natural ^Oj decay; ^q, the measured total (chemical plus physical) 
^02 quenching rate constant; [Pq], the initial concentration of pyri- 
doxine substrate; I, the irradiation rate for photons absorbed by RB 
(not measured here); and tp^, the quantum yield of ^©2 production. 
The values of and were measured in separate experiments in 
D2O solutions (Table 1). Because the I(p^ factor was constant in all 
experiments, ^r(rel) values allow a direct comparison of the oxication 
efficacy for all Bg vitamers. 

Electron paramagnetic resonance (EPR) measurements. The EPR 
spectra were measured using an X-band E-Line Century Series EPR 



^Abbreviations: DMPO, 5,5-dimethyl-l-pyrroline Moxide; EPR, 
electron paramagnetic resonance; RB, rose bengal. 



spectrometer (Varian, Palo Alto, CA) equipped with, a TMl 10 cav- 
— ity;-Samples-were-irradiated-directly-inside-the-microwave"cavity-of 
the spectrometer with light from a 1 kW xenon lamp (Krotos) after 
passing through a cutoff filter transmitting above 300 nm. Spectra 
were accumulated on a PC and stimulated using software described 
elsewhere (12). 

RESULTS AND DISCUSSION 

The structures of pyridoxine (1), pyridoxal (2), pyridoxal 5- 
phosphate (3) and pyridoxamine (4) are shown in Scheme 
1. The vitamers have pH-sensitive groups and the reported 
pKa values (13) are as follows: 5.0 and 8.96 for 1; 4.2 and 
8.66 for 2; 2.5, 4.14, 6.2 and 8.69 for 3; and 3.37, 8.01 and 
10.13 for 4. While it may be expected that pH will influence 
the spectral and photochemical properties of these vitamers, 
we mostly focused our attention on the physiologically rel- 
evant pH values (Table 1). All vitamers can exist in several 
ionization forms that may interact differently with singlet 
oxygen, and there will be a contribution from more than one 
species at physiological pH. As we feel that the dissociation 
of the -OH group has the potential to influence greatly the 
charge density on the pyridoxine ring (and subsequent in- 
teraction with ^02) we did not assign the quenching or oxi- 
dation rates to a particular ionic species. We believe that the 
experimentally observed values are sufficient and more rel- 
evant to explain the vitamins* oxidation under physiologi- 
cally relevant conditions. 

Absorption and fluorescence 

Information on the absorption and fluorescence properties 
was needed to select suitable conditions for photochemical 
experiments with the vitamers. In addition, differences in 
the intensity and/or position of the spectra in different chem- 
ical environments will have utility in determining vitamer 
localization in the Cercospora fungus and in determining the 
concentration of these important vitamins in fungal extracts 
using chromatography. The vitamers absorb light in the 
UV region and fluoresce. The absorption spectra of 1, 2 and 
4 are very similar (Fig. lA). However, the spectrum is red 
shifted for 3. This shift is probably due to the electron-with- 
drawing power of the phosphate and aldehyde groups 
(Scheme 1), which promote the dissociation of the phenol 
-OH group in aqueous solutions. In contrast, the pyridoxine 
spectrum in ethanol is blue shifted by —38 nm (Table 1). 
The electron-withdrawing effect is even more pronounced in 
the fluorescence spectra that are strongly red shifted for 3 
(Fig. IB). Although the absorption spectra of 3 in different 
solvents are similar (Fig. 2A), the fluorescence intensity is 
strong in alcohol and the spectrum position is distinct com- 
pared to the other pyridoxine derivatives (Fig. 2B). This sug- 
gests that the fluorescence of 3 will probably not suffer in- 
terference from other forms of the vitamin during fluores- 
cence imaging in the fungus. In preliminary experiments we 
were able to obtain a fluorescence image from the fungus 
after incubation with pyridoxal phosphate. 

Quenching of phosphorescence 

We chose RB as a noninterfering photosensitizer to produce 
*02 for quenching measurements and for pyridoxine oxida- 
tion assays because its UV absorption spectrum does not 
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Table 1. Quenching of 'Oj by pyridoxine and derivatives and their oxidation rate by 'O2 
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Pyridoxamine dihydrochloride 
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♦Concentrations at which the pyridoxine oxidation rates were measured. 

fValues estimated from the ^q-pH dependence in DjO and used to calculate the relative oxidation rate constants. Quenching and photooxi- 
dation were measured using RB to produce 'O2 in D2O and H2O solutions, respectively. In the photooxidation experiments, each time 
3.8 mL of solution was used for irradiation. Photooxidation rates were calculated from the absorption spectra using extinction coefficient 
at the after RB absorption spectrum was subtracted. Observed oxidation rate is presented as the decrease in vitamin concentration 
in fxmol per minute of irradiation. Phosphate buffers (50 mAf) were used in all experiments performed at room temperature in air-saturated 
solutions. Singlet oxygen lifetime measured in ethanol and water was 14.2 pis and 4.4 p.s, respectively. Calculation of relative oxidation 
rates, A:4(rel.), is described in the Materials and Methods. 

^Reported in Ehfenshaft et al. (1). 



overlap with that of the vitamers, thus making it possible to 
detect substrate oxidation spectrally. We have found that 
pyridoxine, pyridoxal, pyridoxal 5 -phosphate and pyridox- 
amine all efficiently quench 'O2 phosphorescence. The total 
(physical and chemical quenching) rate constant values 
are in the range of lO'-lO^ Af-» s"' (Fig. 3, Table 1). The 
quenching was more efficient in alkaline solution but de- 
creased by about one order of magnitude in ethanol when 
pyridoxine free base was used as a quencher (Table 1). Ap- 
parently, the dissociation of the -OH group in water and in 
alkaline solution produces the phenoxy anion that is a stron- 
ger 'O2 quencher than phenols. However, the higher rate 
constant of 'O2 quenching in water compared to ethanol can- 
not be due solely to the ionization of the -OH group, be- 
cause quenching is still faster in water at neutral pH when 
the -OH group is not dissociated (Table 1). One possible 
explanation may be that the less polar alcohol solvent may 




PYRD0XME(1) PYRD0XAL(2) PYRDOXAL 5-PHOSPHATE (3) PYROOXAMINE (4) 



Scheme 1. 



affect internal (resonance) charge distribution in the pyri- 
doxine ring, thereby reducing interaction with 'Oj. 

The quenching of *02 is considered to be an additive pro- 
cess involving all active functional groups in a quencher 
molecule (14). However, the value for pyridoxine is sim- 
ilar to the value for the aldehyde and amino derivatives at 
similar pH, which suggests that rather than these groups, the 
aromatic pyridoxine core is the main target for 'Oj. Such 
high reactivity is quite unexpected because other single-ring 
N-aromatics such as pyridine and most of its derivatives are 
poorer quenchers of '02 with rate constants in the range of 
1 0^-10^ s"' (1 1). Apparently, the substituents in the pyr- 
idoxine core and their arrangement facilitate the interaction 
with 'O2 that can result in the oxidative degradation of vi- 
tamin and all its derivatives. 

Oxidation by 

A significant contribution to total quenching by chemical 
reactions(s) is suggested by the degradation of all vita- 
mers during steady-state irradiation with RB (Fig. 4). The 
absorption spectra of RB and pyridoxine derivatives do not 
overlap, allowing selective 'O2 production and a convenient 
monitoring of photosensitized degradation of pyridoxine via 
its absorption. The vitamin's absorption decreased upon aer- 
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Figure 4. Photosensitized degradation of pyridoxine by 'Oj. A: Sub- 
sequent absorption spectra observed during the irradiation of 0. 1 7 
mM pyridoxine solutions containing RB; before irradiation (1), after 
1 min (2) and after 2.5 min (3) of irradiation. Irradiated solution 
(3.8 mL) was vigorously stirred with a magnetic bar and air bubbling 
during irradiation. Transmittance of interference filter used to irra- 
diate RB is shown on the righthand scale. B: Calculated degradation 
of pyridoxine as a function of irradiation time in the absence of 
sodium azide (1), in the presence of 0.157 mM (2) and 50 mM (3) 
of sodium azide. The initial rate of oxidation from plot 1 was used 
to calculate the oxidation rate (Table I ). 



ing physical quenching. A closer examination of these values 
reveals that at physiological pH 7.4, pyridoxamine is most 
rapidly oxidized, followed by pyridoxine, pyridoxal and pyr- 
idoxal 5 -phosphate. The oxidation rate decreases slightly at 
pH 6.3, mostly preserving the same order, which seems to 
be determined by the substituents' ability to change the elec- 
tron density in the pyridoxine ring. However, at pH 8.2, the 
order is reveresed and the oxidation increases, e.g. two- fold 
for pyridoxal 5-phosphate and pyridoxamine (Table 1). This 
reverse order can be explained by the dissociation of the 
-OH group producing a phenol anion. The anion may con- 
jugate with the pyridoxine ring, increasing electron density 
there, which confirms that the core aromatic moiety in the 
pyridoxine vitamers is a target for the oxidation by 'O2 that 
interacts more efficiently with electron-rich substrates (17- 
19). 

Our results show that all the pyridoxine vitamers are good 
substrates for ^02, because the pyridoxine moiety strongly 
quenches ^02 in different chemical environments in which 
the pyridoxine ring can be rapidly degraded by ^02. The 
observation may have serious implications for biological 
systems, suggesting that vitamers can all be subjected to 
rapid degradation by 'O2 whenever this species is produced. 
As vitamin B^ is required for all living cells, degradations 
by *02 may represent an additional mechanism of cellular 
toxicity by photosensitizers, particularly cells or organisms 




Figure 5. Quenching of excited cercosporin by dissolved oxygen 
and by pyridoxine. A: Spectrum of 'O2 phosphorescence photosen- 
sitized in dilute solution of cercosporin in micellar solution of ben- 
zalconium chloride illuminated through a 455 num cutoff filter com- 
bination in aerobic water and acquired during one 20 s scan. B: The. 
absorption spectrum of cercosporin in benzalkonium chloride (10 
mA/) micelles used to obtain the spectrum in A, pathlength 0.5 
cm. C: Electron paramagnetic resonance spectrum of cercosporin 
radical anion (a) produced during the quenching of excited (\ > 400 
nm) cercosporin (0.3 mA/) by pyridoxal 5-phosphate (2 xnM) in 
dcoxygenated micellar Triton X-100 1% solution at pH 7.4 in phos- 
phate buffer (50 mM). Spectrum simulation (b) using the following 
splitting constants: aH(2) = 0.86G, aH(2) = 0.32G and aH(4) = 
0.46G. 

that do not synthesize pyridoxine but must obtain it from 
nutritional sources. 

Interaction with the cercosporin photosensitizer 

Cercosporin, an endogenous 'Os-generating photosensitizer 
produced by Cercospora fiingi, plays an essential role in the 
ability of this group of filamentous fiingi to parasitize plants 
(20). That 'O2 is generated in fungal culmre was recently 
confirmed spectrally by recording the 'O2 phosphorescence 
spectrum (25). Although pyridoxine's protective effect in the 
. fungal cell may occur via 'O2 quenching, we have also ex- 
amined whether pyridoxine has the potential to interact di- 
rectly with cercosporin. The EPR measurements in anaerobic 
micellar solutions show that pyridoxine quenches the excited 
cercosporin by donating an electron, as evidenced by an EPR 
signal from the cercosporin radical anion (Fig. 5C). In the 
presence of oxygen, no EPR signal was observed, presum- 
ably because the production of 'O2 was dominant, indicating 
that the cercosporin triplet was mostly quenched by dis- 
solved oxygen and not by pyridoxine. We confirmed that 
*02 is efficiently generated (Fig. 5 A) by cercosporin in mi- 
celles (Fig. SB). However, at low oxygen concentration, the 
superoxide radical was detected during the irradiation of cer- 
cosporin in dimethylsulfoxide in the presence of pyridoxine 
and the radical trap DMPO. The superoxide anion is usually 
produced during photosensitization when oxygen oxidizes 
the sensitizer radical anion (21). 

Cercospora fungi appear to use an elaborate system to 
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protect themselves against oxidative stress induced by cer- 

cosporin and other photosensitizers that are highly toxic to 
other species. One mechanism of defense may be the chem- 
ical reduction of cercosporin (22-24) followed by the local- 
ization of reduced cercosporin in the aqueous cytoplasm of 
the cell, an environment that decreases production by 
the reduced derivative (25). Another mechanism may in- 
volve pyridoxine as a quencher (26). Our data suggest 
that as a third mechanism, pyridoxine may function as a 
redox quencher of the cercosporin triplet, leading to super- 
oxide radical production. It is possible that the Cercospora 
fungus may use such reactions to divert cercosporin activa- 
tion away from the formation of the highly toxic to su- 
peroxide and other radical forms of oxygen that are better 
tolerated by living cells. 

Conclusions 

Here we have shown that the pyridoxine moiety is a strong 
quencher of singlet molecular oxygen that initiates rapid ox- 
idation of all Bfi vitamers. The vitamers are known to 
play a required role in cells in enzymatic reactions, primarily 
in amino acid metabolism, and were not previously impli- 
cated in 'O2 or oxidative stress resistance in cells. Our data 
suggest that pyridoxine and its vitamers can function in pho- 
tosensitizer resistance by quenching 'O2. Ironically, our re- 
sults also indicate that ^Oz degrades pyridoxine, an obser- 
vation that has implications for an additional mode of pho- 
tosensitizer toxicity to cells, primarily animal cells that do 
not synthesize pyridoxine but must obtain it through nutri- 
tional sources. Our data suggest that oxidative degradation 
of vitamers can occur during processes in which 'O2 is 
produced, such as food processing and storage and during 
photosensitization in the skin. While it is difficult to separate 
their potential antioxidant properties from the enzymatic 
role, pyridoxine appears to contribute strongly to the unusual 
resilience of Cercospora fungi to photooxidative stress. De- 
tails for the involvement of vitamin B^ in complex processes 
associated with oxidative stress and whether it can function 
as an antioxidant in other organisms will require more in- 
vestigation. 
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